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I. INTRODUCTION
Due to the potential application of the Ku-band high power microwave (HPM) in high power radar, communication, and other fields, expanding the operation frequency of the HPM device to higher frequency band, Ku-band, is one of the major research hotspots. [1] [2] [3] As to the traditional single-mode device, the higher operation frequency means the smaller size, which will cause less power capacity. 4 Although the over-mode relativistic Cerenkov generator with larger dimensions can support higher microwave power in Ku-band, the high input diode voltage, high guiding magnetic field, and mode competition restricts its development. 5 Therefore, the investigation on the compact Ku-band generator with moderate input voltage, low guiding magnetic field, low mode competition, and high power capacity is meaningful for the development of the HPM technology.
Owing to the virtues of the high power, high stability, monochromatic operation mode, and compact structure, the transit-time oscillator (TTO) is one of the most promising high power microwave sources. [6] [7] [8] [9] Generally, the device with the coaxial inner conductor can have lower space charge effect and higher capacity, so it is more suitable for operating in low guiding magnetic field, low impedance, and being scaled to higher frequency band. [10] [11] [12] In our previous research, by combining the advantages of the traditional TTO and the coaxial structure, we proposed a Ku-band coaxial TTO, which could output 400 MW microwave at 14.3 GHz under the diode voltage 360 kV, current 7.2 kA, and guiding magnetic field 0.7 T in the primary experiments. 13 However, in our recent work, with the increase of the input electric power, the experimental microwave power of the device is limited by the mode competition. For obtaining higher Ku-band HPM, the investigations on the methods for suppression of the competition mode in the device have been carried out. This article briefly introduces the newest study results.
The paper is organized as follows. In Sec. II, a brief description of the Ku-band coaxial TTO is given. The analysis of the asymmetric mode in the device and the methods on suppression of it are presented in Sec. III. After the improvement of the experimental facility, we carried out the subsequent experiments and the experimental results are shown in Sec. IV. Finally, conclusions are stated in Sec. V.
II. OVERVIEW OF THE KU-BAND COAXIAL TTO
The schematic of the Ku-band coaxial TTO is presented in Fig. 1 . The device mainly consists of six parts, which are the annular cathode, coaxial TM 02 mode resonant reflector, three-cavity buncher, dual-cavity extractor, electron collector, and coaxial output waveguide, respectively. The buncher and extractor are separated by the drift-tube to obtain efficient beam-wave interaction. The coaxial TM 02 mode resonant reflector with low surface electric field is used to prevent the microwave from propagating into the diode region and pre-modulate the electron beam. Another feature of the device is that loading the resonant cavities on both the coaxial inner and outer conductors. This can make the strongest axial electric field appear in the middle of the resonant cavities, which is defined as quasi body wave and has higher power capacity, 13 compared with the surface wave. 5 Additionally, compared with the single-cavity extractor, the dual-cavity one has high power capacity and conversion efficiency. The working process of the device is described as follows. The annular electron beam emitted by the cathode transits axially due to the guiding of the external magnetic field. The electron beam passes through the buncher and its velocity is modulated. By a given-distance drift tube, the velocity modulation of the electron beam transfers into densitymodulation. Then, the bunched electrons interact with the electric field in the extractor and Ku-band HPM is stimulated. Finally, the beam is dumped onto the electron collector and the microwave couples into the coaxial output waveguide.
III. ANALYSIS AND SUPPRESSION OF THE ASYMMETRIC COMPETITION MODE
The experiments were carried out on the TORCH-01 accelerator in our lab, a repetitive accelerator capable of producing a 50 ns duration electron beam in the voltage range of 0.3-1 MV. Based on the method of the far-field measurement, 14 two receiving horns placed 5 m away from the window of the radiation antenna were used to measure the microwave power and frequency. The properties of the microwave signal received by the horn were analyzed by the Aglient-92504A oscilloscope, which has the sampling rates as high as 80 Gs/s.
In recent experiments, we planed to improve the output power of the device by increasing the input electric power. Yet, under the 400 kV diode voltage, 8 kA current, the output power was not enhanced, but a new main frequency of 14.5 GHz appeared in the adjacent frequency region of 14.3 GHz, which was the operation frequency of the fundamental mode. This means a competition mode was arose in the experiments, and the mode competition limited the microwave power of the device. The received microwave signal and its Fast Fourier Transform (FFT) are presented in Fig. 2 . Hence, to further obtain higher output power, we should primarily solve this issue.
Suppression of the mode competition needs identification of the competition high order mode. With a 3D finite element RF code, the probable competition modes in the dual-cavity extractor are analyzed. We find that the resonant frequency of the asymmetric mode quasi-TE 11 is 14.4 GHz, close to the frequency of the competition mode in the experiments. This mode is mainly composed of the coaxial TE 11 mode together with small part of TM mode. 15 Its corresponding electric field distribution in the extractor is shown in Fig. 3 .
In order to identify the competition mode is the quasi-TE 11 mode, first, we placed an array of the fluorescent lamp tubes 2 m away from the radiation antenna to observe the pattern lighted by the radiation HPM. For our generator, the fundamental mode TM 01 in the extractor couples into the coaxial output waveguide with the TEM mode. Usually, for the actual applications, a TEM-TE 11 mode converter and a TE 11 mode radiation antenna are placed downstream of device to radiate the TE 11 mode into the space. In our experimental research, to easily judge whether the competition mode in the extractor is the quasi-TE 11 mode, we replace the TEM-TE 11 mode converter and TE 11 mode radiation antenna with a TEM-TM 01 mode converter and a TM 01 mode radiation antenna. Under the condition that no competition mode was observed in the experiment, the pattern in the array of fluorescent lamp lighted by the radiation microwave is shown in Fig. 4(a) . From the figure, we find a circular symmetry dark region inside the pattern, and the lighted pattern surrounding the dark region has not been divided by a few lobes along the angular direction. This indicates this radiation mode should be TM 01 mode. 1 For the situation in which mode competition appeared in the experiment, the pattern is presented in Fig. 4(b) . Compared with the one in Fig. 4(a) , in the pattern shown in Fig. 4(b) , there is a bright spot in its middle region, which must be contributed by the high order competition mode. Moreover, relative to the center of the TM 01 mode pattern, the location of the bright spot is upward. This was probably caused by the downward incline of the array of fluorescent lamp in the experiments. Figure 5 gives the simulation results of the electric field distribution of the 
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quasi-TE 11 mode propagating onto the output window. We find that the bright spot in the middle of the pattern given by Fig. 4 (b) agrees well with the electric field distribution displayed in Fig. 5 . This intuitively indicates that the asymmetric competition mode is probably the quasi-TE 11 mode.
To further verify, the asymmetric mode competition was caused by the quasi-TE 11 mode, we measured the far-field pattern of the high order competition mode. By the low pass filter and high pass filter, 16 we obtained the radiation microwave signal of the fundamental mode and the competition one, respectively, which are shown in Fig. 6 . We can get the radiation power density of the competition mode in the location region of the receiving horn with the microwave signal amplitude of the competition mode, the effective receiving microwave area of horn, the attenuation of the coaxial attenuators, and the coaxial cable. 17 Then moving the receiving horn at different angle on the circumference with one horn fixed in the main radiation lobe as a reference, we got the radiation power density at different angle. 18 Based on the above measurements, the far-field pattern was obtained. The experimental far-field pattern of the high order competition mode is shown in Fig. 7 . From the figure, we find that the measured pattern of the competition mode is in good agreement with the simulation one of the quasi-TE 11 mode. Besides, this far-field pattern is different from that of the TE 11 mode in the circular waveguide. The main reason is that after the output wave transmission through our designed TEM-TM 01 mode converter, some higher order modes were stimulated and radiated to the out space together with the TE 11 mode. On the basis of the above results, we conclude that the competition mode should be the asymmetric mode quasi-TE 11 mode. Next, we will seek the ways for suppression of it.
After the experiments, we found that there was a great deal of spikes on the stainless steel collector due to the surface energy deposition, and this phenomenon was enhanced with increase of the input power of the electron beam. Such a beam might produce the electron reflection, scattering, and secondary electron emission with the plasma. Due to the guiding of the magnetic field, the electrons can go into the extractor and alter the beam-wave interaction. 19 We guess this is the main cause of stimulating the high order asymmetric competition mode. In order to confirm the above conjecture, a graphite collector with good absorption characteristics was adopted instead of the stainless steel collector, whose function on easing the electron reflection and plasma formation has been verified in Ref. 19 . After this change, the mode competition was depressed, and the received microwave signal with its FFT is given by Fig. 8 . However, this competition mode reappeared after the diode voltage and current were increased to 450 kV and 9 kA, respectively. The probable reason is that with higher input electric power, the electron reflection and secondary electron emission appeared again. Consequently, it can be concluded that this mode competition is mainly caused by the primary or secondary reflection electron and plasma formation on the collector, and besides employing the material with good absorption characteristics to collect the electrons, we should improve the structure of the collector to reduce the power density of the electron beam on the dump and dissipate the secondary electron emission with the plasma.
Based on above analysis, an improved electron collector is proposed, whose sketch is shown in Fig. 9 . From the figure, we can see that this improved electron collector is away from the extractor and beam interception occurs over an inclined plane, which has larger dump area compared with a vertical plane. In addition, there is an electron absorption cavity together with the electron dump. It plays an important role in absorbing the reflection electrons and preventing them from propagating to the extractor region. Further, investigation indicates that by optimizing the depth of the absorption cavity d 1 , the asymmetric mode quasi-TE 11 mode can be effectively depressed, while the resonant frequency of the TM 01 mode in the extractor keeps unchanged. We investigate the resonance characteristic of the extractor by the method of the group delay time. The group delay time is an intrinsic response of the linear system like the cavity with coupling structure, and a local maximum in the group delay time curve implies a resonant mode, whose value is direct proportion to the external quality factor (Q-factor) of the extractor. 20 For our device, due to the TM mode being cut off in the coaxial output structure, the quasi-TE 11 mode is coupled into the coaxial output waveguide in the form of the TE 11 mode. By the excited mode TE 11 at the coaxial output port, the calculation results of the group delay time are presented in the frequencies corresponding to the maximum in the curves are 13.9 GHz and 14.4 GHz, respectively. To testify these frequencies are the resonant frequencies of quasi-TE 11 mode, we calculate their resonant field distributions in the extractors at these frequencies, and find they agree well with that shown in Fig. 3 . Comparing these two resonant frequencies, we can conclude that the collector with the 8 mm optimized depth absorption cavity can effectively make the resonant frequency of the quasi-TE 11 mode away from the operation frequency of the TM 01 mode. Additionally, from Fig. 10 , we can find, for the optimized absorption cavity, the maximum in the group delay time curve has a lower value, namely, the collector with this depth absorption cavity lowers its external Q-factor of the quasi-TE 11 mode in the extractor. Generally, the external Q-factor is inversely proportional to the starting oscillation current. 1, 5 This means with the optimized depth absorption cavity, stimulating the asymmetric mode quasi-TE 11 needs a high starting oscillation current. Therefore, this collector with optimized depth absorption cavity can effectively suppress the asymmetric competition mode in our device. The experimental verification of its functions is presented in the following.
Moreover, in the experiments, we found that the concentricity between the annular electron beam and beam-wave interaction cavities and the electron emission uniformity also play an important roles in suppression of the asymmetric competition mode. When the concentricity and the electron emission uniformity were bad, the mode competition easily occurred in the experiments. Hence, in our subsequent experiments, we should ensure the annular electron beam, inner and outer conductors are coaxial and emission electron beam uniform.
IV. EXPERIMENTAL VERIFICATION
To verify the above analysis, we fabricated the improved electron collector with optimized depth absorption cavity and carried out the subsequent experiments. Before the experiments of the microwave generation, we conducted the electron beam transmission experiments to ensure annular electron beam, inner and outer conductors coaxial and emission electron beam uniform. In the experiments, the cathode was made up of the graphite with good uniform emission properties and the polyamide witness plate was located at the end of the interaction space. Under the condition of the 450 kV diode voltage, 9 kA current, 0.7 T guiding magnetic field, the imprint of the electron beam on a polyamide witness plate in the device is shown in Fig. 11 . From the figure, it can be seen that the electron beam imprint is very uniform, and its radius is nearly same as that of the cathode and its width of 1 mm close to that in simulation.
Besides graphite and stainless steel, due to its good electric and thermal conductivity, copper was also employed for fabricating the improved electron collector. With the same input electric power, as that in above electron beam transmission experiments, we carried out the experiments with these three electron collectors. After the impact by the intense electron beam, their photographs are shown in Fig.  12 . From this figure, we find that the imprint on the copper collector is the most obvious, and besides, there was a great deal of copper dust on the surface of the device, which is shown in Fig. 13 . This is probably caused by the low melting temperature of the copper. The copper dust may change boundary conditions of the interaction region and be unprofitable for the generation of microwaves. Hence, although having the good electrical and thermal conductivity, copper is still unfit for collecting the electron beam.
For the stainless steel collector with the improved structure, it can be seen that this collector was less obviously destroyed than the traditional one with the vertical dump plane. 19 This demonstrates that the improved structure can effectively reduce the power density of the electron beam on the dump plane. Compared with stainless one, the graphite collector still has the better electron collection effect. So, in the follow-up experiment with higher input electric power, we employed the improved graphite collector to suppress the asymmetric mode of the device and polished the surface of the device for getting higher power capacity. When the diode voltage, diode current, and guiding magnetic field were 500 kV, 10 kA, and 0.7 T, respectively; the typical waveforms of the diode voltage, beam current, and the radiation microwave are shown in Fig. 14 . The integrated power is 1 GW, corresponding to the conversion efficiency of 20%. The received microwave signal with its Fast Fourier Transform is given by Fig. 15 . Only one main frequency 14.3 GHz was observed in the experiment, which is in good agreement with simulation one and indicates the asymmetric competition mode has been effectively suppressed. Figure 16 is the measured microwave radiation pattern, and it agrees well with the theoretical pattern of the TM 01 mode, which further demonstrates the generator operating with the single mode.
V. CONCLUSIONS
In this paper, we theoretically and experimentally investigated the methods for suppression of the asymmetric competition mode of the relativistic Ku-band coaxial TTO. It is shown that the asymmetric competition mode in the device is quasi-TE 11 mode, and the structure and the material of the collector, the concentricity, and the electron emission uniformity play an important parts in the suppression of this asymmetric mode. In the subsequent experiments, by a good concentricity of the annular electron beam, inner and outer conductor, a uniform emission electron beam, and an improved graphite collector with optimized depth absorption cavity, the asymmetric mode is suppressed effectively. With the 500 kV diode voltage, 10 kA diode current, and 0.7 T guiding magnetic field, a microwave pulse with power of 1 GW, frequency of 14.3 GHz close to the simulation one, and efficiency of 20% was generated. 
